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A plasma-assisted thermal pretreatment of catalyst films ͑Ni, Co, or Fe͒ greatly facilitates the direct growth of high-density vertically aligned arrays of small diameter carbon nanotubes ͑CNTs͒ on conductive TiN by purely thermal chemical vapor deposition. Purely thermal catalyst pretreatment gives limited or no growth. The plasma-assisted pretreatment promotes a stronger catalyst-support interaction, which reduces catalyst mobility and hence stabilizes smaller catalyst particles with a higher number density. © 2009 American Institute of Physics. ͓doi:10.1063/1.3256012͔ Carbon nanotubes ͑CNTs͒ have many potentially uses in electronics, as interconnects in integrated circuits, field emitters, supercapacitor electrodes, sensors, or thermal management surfaces. [1] [2] [3] [4] [5] [6] Many such applications require small diameter nanotubes in the form of densely packed vertically aligned mats on conducting substrates. There are two ways to obtain vertically aligned CNTs ͑VACNTs͒. The first is to use plasma enhanced chemical vapor deposition ͑CVD͒, in which the electric field of the plasma sheath aligns the nanotubes normal to the surface. 7, 8 This method is particularly suitable for growing larger diameter multiwall nanotubes in sparse arrays, suitable for field emission. 8 The second method is to grow densely packed arrays by CVD, where the high packing density itself causes the vertical alignment. In that case, the high density generally arises from a particular catalyst design such as thin Fe catalyst layers on Al 2 O 3 support. 2, [9] [10] [11] The limitation of this method is that these materials are insulators. Direct CVD growth of CNTs on conducting substrates such as TiN is more challenging and does not usually yield high-density mats. [12] [13] [14] [15] [16] A growing CNT is entirely fed by the catalyst particle, so the catalyst particle size dictates the CNT diameter. For surface-bound CVD, the catalyst-support interactions play a crucial role in controlling the catalyst particle size distribution. Physical vapor deposited catalyst films dewet upon annealing, whereby the catalyst transformation is driven by the difference in surface energy of the support layer and the metal catalyst. 17 An oxide support has low surface energy, so this naturally induces dewetting of higher surface energy metals. But if the support is also a high surface energy metal, the catalyst dewets less readily. 14 Generally, unlike inert oxides, a high surface energy metal will strongly interact with the gas atmosphere; hence, a metal-metal catalyst-support system, at the elevated temperatures and reactive atmospheres of CNT CVD, is more difficult to control.
Here, we note that the nucleation density and diameter of nanotubes can be controlled by restructuring the catalyst prior to growth, in a separate restructuring step, and separately controlling the restructuring conditions. 18, 19 We em-ploy this technique here to establish a method to obtain high density mats of small diameter nanotubes on TiN support.
We first dc magnetron sputter a 100 nm TiN onto a Si wafer coated with 200 nm of thermal SiO 2 . We then sputter a nominally 1 nm thick layer of high purity Fe, Co, or Ni onto the TiN layer ͑after exposing the TiN sample to air͒. Using a cold-wall plasma chamber ͑base pressure ϳ10 −6 mbar͒, these layers are subjected to either purely thermal pretreatment ͑TP͒ or plasma-assisted thermal pre-treatment ͑PP͒. TP is performed for 5 min at 450 to 800°C in 100 mbar of H 2 . Alternatively, the catalyst is pretreated at similar range of temperatures, time, and pressure in a 50 W dc plasma. Immediately after either pretreatment, the chamber is evacuated and CNT growth is carried out by purely thermal CVD in undiluted C 2 H 2 at ϳ0.5 mbar for 10 min-1 h. Note that the absence of a direct plasma during growth ͑as against a remote plasma 5 ͒ is important, as it avoids ion damage to CNTs. TiN support, catalyst and CNT films are examined by a scanning electron microscope ͑SEM͒, high resolution transmission electron microscopy ͑HRTEM͒, x-ray diffraction ͑XRD͒, and atomic force microscope ͑AFM͒. Nanoparticle and CNT densities are estimated from SEM and AFM images using both IMAGEJ and GWYDDION software.
After pretreatment, the catalytic films are strongly restructured ͑Fig. 1͒. Following TP, the films clearly become discontinuous with a broad distribution of particle sizes, Figs. 1͑a͒ and 1͑c͒ . Conversely, all the films following PP show smaller particle sizes and higher number density, Figs. 1͑d͒ and 1͑f͒. AFM analysis shows a regular distribution of few-nanometer nanoparticles with minimal separation or overlap, Fig. 2͑a͒ . The TP films have RMS roughness of ϳ50 nm; whereas the PP films have a smoother and more homogeneous surface topology with ϳ3 nm rms roughness and a nanoparticle height of only ϳ5 nm. The original nanoparticles are smaller, as they oxidize when transferred in air. We also analyzed the restructuring of the TiN film under TP or PP. XRD and AFM respectively reveal that TiN remains polycrystalline with no changes in surface roughness ͑results not shown͒. For a qualitative comparison, we plotted the lateral size distribution of the catalyst particles from each pre-treatment in Figs. 2͑b͒ and compare the restructuring of 1 nm Fe film on TiN at 600°C for 5 min without or with plasma assistance, respectively. These nanoparticles have a narrow lateral size distribution of 9 Ϯ 1 nm for PP, compared to 24Ϯ 11 nm for TP, Fig. 2͑d͒ . The particle density increases from ͑1.3Ϯ 0.2͒ ϫ 10 9 cm −2 for TP to ͑8.6Ϯ 0.7͒ ϫ 10 11 cm −2 for PP, as estimated from SEM and AFM images. Ni and Co show a similar behavior.
These different catalyst topographies have a strong effect on the nucleation, growth, and morphology of the resulting CNTs ͑Fig. 3͒. Growth is rather poor after TP, Figs. 3͑c͒ and 3͑d͒. These nanoparticles produce entangled CNTs lying laterally and with little alignment, Fig. 3͑c͒ . Large nanoparticles hardly show CNT nucleation for our CVD conditions, Fig. 3͑d͒ ; hence TP only yields low-density partly aligned CNTs, Fig. 5͑a͒ and 5͑b͒ .
In contrast, PP leads to growth of high-density VACNTs for all Fe, Co, or Ni catalysts. At 600°C, we obtained mat densities as high as ϳ10 12 CNTs/ cm 2 , as estimated from SEM images, Fig. 3͑a͒ . The mats are homogeneous over the sample. The HRTEM image in Fig. 4 indicates that the CNTs are mainly double and triple walled, with diameters under 5 nm. We achieved similar growth down to 480°C, Fig.  3͑b͒ . For all growth conditions, XRD reveals that TiN remains polycrystalline with no phase changes ͑results not shown͒.
To assess the CNT growth mode, we exposed PP films to interrupted growth conditions. 6 After PP, C 2 H 2 flow is on for 1 min stopped for 5 min; and then on for another 10 min. This creates a two-layer mat with a thicker bottom layer, Fig.  5͑c͒ . The thin top layer grew first ͑1 min growth͒, followed by the thicker bottom layer ͑10 min growth͒. These results confirm base growth.
We find PP to be advantageous for many catalyst-support systems, such as Ni-SiO 2 , 19 Fe-Ta, which suggests a generic mechanism. We note the high degree of CNT alignment obtained for PP catalysts. This alignment closely resembles FIG. 5. ͑Color online͒ SEM images of CNTs grown for 10 min in 0.5 mbar of C 2 H 2 at 600°C on ϳ1 nm Fe with ͑a͒ TP and ͑c͒ PP, with supply of hydrocarbon for ϳ1 min, stopped for 5 min, and restarted for another 5 min. ͑b͒ and ͑d͒ are schematics of the growth processes for TP and PP, respectively.
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